ABSTRACT This study aimed to investigate the effect of cysteamine hydrochloride (CSH) supplementation on the growth performance, opportunistic bacteria and enterotoxic markers, visceral lesions, glutathione turnover, and inflammatory factors of broilers fed diets contaminated with aflatoxin B 1 (AFB 1 ). One-day-old Arbor Acres broilers (n = 480) were randomly allocated to 4 treatments with 6 replicates of 20 chicks each for a 2 × 2 design with CSH (0 or 200 mg/kg) and AFB 1 (0 or 40 μg/kg). The trial lasted for 42 d. Results showed that AFB 1 negatively affected (P < 0.05) growth performance, opportunistic bacteria and enterotoxic markers, intestinal lesions, glutathione turnover, and inflammatory factors. The CSH increased (P < 0.05) feed intake and body weight gain. The enterotoxic status was relieved in the CSH treatments by reducing (P < 0.05) the populations of gut Escherichia coli, Gram-negative bacteria, serum diamine oxidase, and intestinal lesions. The CSH also increased (P < 0.05) serum reduced glutathione, glutathione s-transferases, and glutathione reductase, and decreased (P < 0.05) the mRNA levels of tumor necrosis factor-α, interleukin-6, and interleukin-1β. Significant interactions (P < 0.05) were found on Gram-negative bacteria, diamine oxidase, and glutathione s-transferases. The results suggest that the CSH can improve glutathione turnover and reduce the risk of enterotoxic disease induced by AFB 1 in broilers.
INTRODUCTION
Sulfhydryl group in glutathione has a pivotal role in counteracting oxidative stress and inflammatory occurrence, and this group based products have recently started to use in animal feeds (Hu et al., 2008; Wang et al., 2015; Bai et al., 2017) . As a commercial additive, cysteamine hydrochloride (CSH) is the simplest and the most stable among aminothiol compounds (Reid, 1958) . Studies showed that supplemental CSH or its derivatives improved animal growth by reducing oxidative stress, enhancing immunity and intestinal integrity (Morrison et al., 2005; Wang et al., 2015; Zhou et al., 2017) .
The oxidative stress of animals is related to enterotoxic status or toxins that are derived from contaminated feeds or imbalanced gut opportunistic bacteria, such as aflatoxin B 1 (AFB 1 ), Gram-negative bacteria (Gram -), Clostridium perfringens, and Escherichia coli. These consequently result in intestinal hyperpermeability, inflammatory responses, and even the occurrence of enteric diseases (Immerseel et al., 2004; Yarru et al., 2009; Hafez, 2011; Liu et al., 2018) . So it is interesting whether CSH can influence the toxicity of dietary toxins and populations of opportunistic bacteria in the intestine of farm animals. But literature about this is unavailable.
The CSH or derivatives act through sulfhydryldisulfide exchange reactions in glutathione redox cycle, so the providing of sulfhydryl group can theoretically facilitate the synthesis and turnover of glutathione (Courtney-Martin and Pencharz, 2016) . Meanwhile, the AFB 1 contamination in feedstuffs is becoming a considerable threat to the gut health of growing animals. However, information about the effect of CSH on glutathione turnover in AFB 1 contaminated animals is very limited. Therefore, the present study aimed to investigate the effect of dietary CSH on growth performance, opportunistic bacteria and endotoxins, visceral lesions, glutathione turnover, and inflammatory factors of broilers fed diets contaminated with AFB 1 . (Xiong et al., 2014) .
3594

MATERIAL AND METHODS
Diets, CSH, and AFB 1
The experiment was a 2 × 2 factorial design without or with CSH (200 mg/kg) or AFB 1 (40 μg/kg). The CSH was coated, provided by Hangzhou King Techina Technology Co., Ltd (Hangzhou, China). The AFB 1 was produced using Aspergillus flavus from the China General Microbiological Culture Collection Center as described by Liu et al. (2018) . The AFB 1 concentrations in the moldy corn meal were detected at 3764 μg/kg. Uncontaminated control corn was replaced by the moldy corn to yield a concentration of 40 μg AFB 1 per kg diet.
The nutritive values of basal diet were recommended by Arbor Acres Broiler Management Handbook in China, and diets were stored in a cool, dry, dark, and well-ventilated place and fed as mash on air-dry basis. No antibiotics were offered to broilers via either feed or water throughout the trial. The formulation of the basal diet was listed in Table 1 .
Animals and Samples
All the experimental procedures were approved by the Animal Ethics Committee of the Henan University of Science and Technology (Luoyang, China).
A total of 480 1-day-old Arbor Acres broilers (male) were randomly allocated into 4 groups with 6 replicates of 20 chicks each. All chicks were reared in 3-layered cages and given ad libitum access to diets and water throughout the study. The temperature, ventilation, and light regime of chicken house were managed according to Arbor Acres broiler management handbook. Birds and feeds in each cage were weighed at 21 and 42 d old, average daily feed intake (ADFI), average daily body weight gain (ADG), and feed conversion ratio (FCR) were immediately adjusted when mortality occurred. All the birds were monitored for general health at least twice a day.
At day 42 of the trial, 6 birds per replicate were randomly selected, weighed, euthanized by CO 2 , and then dissected. Blood was immediately drawn from the heart with a syringe and aliquoted into sterile vials for serum preparation as described by Liu et al. (2008) . Liver, duodenum, jejunum, and ileum were collected and scored for lesions on a scale of 0 to 3 (Gholamiandehkordi et al., 2007) . Approximately 1 cm segment in the middle part of duodenum was dissected and stored in an RNA stabilization solution at −20
• C for gene expression analysis (Liu et al., 2008) . Approximately 2 g ileal digesta was collected and stored at −40
• C for gut microflora analysis.
Chemical and Biochemical Analysis
The concentrations of AFB 1 in the moldy corn and feed were detected according to the Standard of China (GB/T 5009. with an enzyme-linked immunosorbent assay kit (detection limit 2 μg/kg, Longke Fangzhou Biotech, Beijing, China).
The concentrations of serum endotoxin were measured using a limulus amoebocyte lysate-based kit (Lonza, Walkersville, MD). Briefly, samples and standards were incubated for 10 min at 37
• C with limulus amoebocyte lysate and then for another 6 min with colorimetric substrate. Internal control for recovery calculation was included in the assessment. The reaction was stopped with 25% acetic acid and then the absorbance was read at 405 nm. The activity of diamine oxidase (DAO) in serum (1 mL) was examined by a spectrophotometric assay. The DAO standard (D7876-250) was purchased from a Sigma-Aldrich supplier in Beijing of China.
Serum profiles of reduced glutathione (r-GSH), glutathione s-transferases (GSTs), and glutathione reductase (GR) were detected using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The units of r-GSH, GSTs, and GR were finally calculated and expressed as mg/g, μmol/min·g (U/g), and U/g, respectively, per gram protein in the supernatant of tissue samples to minimize the errors during sample preparation. Three parallel tests with aliquots of the same sample were performed for all samples and all chemical and biochemical analyses.
Bacteria Enumeration and mRNA Expression
The enumeration of ileal bacteria was carried out according to the method by Wu et al. (2014) with minor modification. Briefly, approximately 1 g of each ileal digesta was diluted with 9 mL of ice-cold sterile buffer peptone water (0.1%) and homogenized. The suspension of each sample was serially diluted between 10 −1 and 10 −7 dilutions, and 100 μL of each diluted sample was subsequently spread onto duplicate selective agar plates for bacterial counting. The number of cfu was expressed as a logarithmic (log 10 ) transformation per gram of intestinal digesta. Commercial media (Qingdao Hopebio Co., Ltd., Shandong, China) was used for the cultivation and isolation of E. coli (HB7001), C. perfringens (HB0256), and Gram -(HB8643).
Total mRNA isolation and cDNA synthesis were carried out according to the description by Liu et al. (2008) , and the transcriptional profiles of target genes were expressed as the relative expression to betaactin gene. Primer information for qPCR was listed in Table 2 . Primers and qPCR reagents were provided by Dalian TaKaRa Co., Ltd. (Liaoning, China). The qPCR reactions were set at 10 μL with 5 μL of SYBR Green Master Mix, 1 μL of primer, 4 μL of 10 × diluted cDNA. All qPCRs were run in triplicates on the same thermal cycles (50
• C 2 min, 95
• C 10 min, 40 cycles of 95 • C 15 s and 60
• C 1 min) on the ABI Prism 7900HT Fast Real-Time PCR System. No amplification signal was detected in water or no-RT RNA samples.
Statistics
Data were analyzed using General Linear Model procedure of SAS (SAS Inst. Inc., Cary, NC). The model for the factorial design included the CSH, AFB 1 , and the CSH × AFB 1 interaction. The differences among treatments were analyzed using ANOVA. Cage or pooled digesta per cage was the experimental unit for growth performance or gut bacterial counting. The mean of 6 birds per cage was the statistical unit for blood samples and gene expression. Lesions in the liver or intestine were compared using total lesion scores of 6 birds per cage. Differences of variables were separated using Tukey's Studentized Range test at P < 0.05 level of significance.
RESULTS
Growth Performance and Mortality
In Table 3 , at 1 to 21 d, there were significant effects (P < 0.001) of AFB 1 , CSH, and their interactions on ADFI and ADG. Compared with AFB 1 treatment, the inclusion of CSH increased (P < 0.05) ADFI and ADG, and both reached to the levels of control treatment.
At 22 to 42 d, the AFB 1 affected (P < 0.001) ADFI, ADG, and FCR, whereas the CSH affected (P < 0.05) the ADFI and ADG. Compared with the AFB 1 treatment, the diet with AFB 1 contamination and CSH inclusion improved (P < 0.05) the ADFI and ADG, but did not reach the levels of control diet. During the 2 phases, the mortality was not affected by the CSH and AFB 1 .
Enterotoxigenic Status and Visceral Lesions
The ileal counts of E. coli and Gram -were increased (P < 0.05) by dietary AFB 1 (Table 4) , and the counts of E. coli, C. perfringens, and Gram -were decreased (P < 0.001) by CSH inclusion. Compared with AFB 1 treatment, the Gram -was decreased (P < 0.05) by 7.2% in CSH treatment, which caused an interaction (P = 0.001).
For serum enterotoxic markers, the AFB 1 affected (P < 0.001) endotoxin and DAO, whereas CSH affected (P = 0.004) DAO, and an interaction (P = 0.024) was found on DAO. Compared with AFB 1 treatment, the level of DAO in CSH treatment was decreased (P < 0.05) by 19.2%.
The intestinal lesion scores were affected by AFB 1 (P < 0.001) and CSH (P = 0.002). The liver lesion scores were not affected by the 2 dietary factors, and there were no interactions. Compared with the AFB 1 treatment, the liver and intestinal lesion scores in the CSH supplemental treatment were decreased (P < 0.05) by 59.9 and 39.0%, respectively.
Glutathione Turnover and Inflammatory Factors
There were significant effects (P < 0.001) of AFB 1 and CSH on the profiles of r-GSH, GSTs, and GR (Table 5 ). The increasing effect of CSH on GSTs was more pronounced (P < 0.05) in diets without AFB 1 contamination, which caused an interaction (P < 0.01). Compared with the control, r-GSH, GSTs, and GR in the CSH treatment were increased (P < 0.05) by 18.4, 72.1, and 31.8%, respectively. Compared with the AFB 1 treatment, the GR in CSH treatment was increased (P < 0.05) by 48.9%.
There were significant effects (P < 0.01) of AFB 1 on the mRNA profiles of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), whereas the CSH affected TNF-α, IL-6, and interleukin-1β (IL-1β). Compared with the control, the TNF-α in the CSH treatment was lower (P < 0.05) by 18.6%. Compared with the AFB 1 treatment, IL-6 and IL-1β in CSH treatment were decreased (P < 0.05) by 30.5 and 23.3%, respectively. IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α. 
DISCUSSION
In the present study, supplemental CSH improved the ADFI and ADG of broilers, with responses being more pronounced at the presence of AFB 1 , indicating that CSH relieved the toxicity of AFB 1 . Dunshea (2007) reported that dietary CSH increased daily gain, carcass weight, and gain: feed in finisher gilts. Nunes et al. (2012) found that the diet supplemented with cysteamine improved feed conversion. However, based on AFB 1 contaminated diets, the information about CSH on growth performance is unavailable in farm animals. In the present study, with the concurrence of AFB 1 , the a-c Means within a row with no common superscripts are significantly different (P < 0.05). AFB 1 , aflatoxin B 1 ; CSH, cysteamine hydrochloride; GR, glutathione reductase; GSTs, glutathione s-transferases; IL-1β, interleukin-1β; IL-6, interleukin-6; r-GSH, reduced glutathione; TNF-α, tumor necrosis factor-α.
-, not detectable (< 2 μg/kg).
CSH effect was more pronounced, and they were interactive in ADFI and ADG at 1 to 21 d, and how the CSH interacts with growth axis of animals with exposure to AFB 1 needs further study. Besides the growth-promoting effect, the CSH or derivatives are important antioxidants for detoxification in the liver or gut. The oxidative stress is mainly caused by enterotoxins from toxigenic microbiota when their balance is disturbed (Mani et al., 2012; Tremaroli and Bäckhed, 2012) . Furthermore, with the occurrence of moldy feedstuffs, a lower level of AFB 1 in the diet is a major predisposing factor for gut flora disruption and enterocyte oxidation (Yarru et al., 2009) . Liu et al. (2018) reported that dietary AFB 1 increased the count of C. perfringens in the ileal digsta of broilers. Similarly, in the present study the counts of E. coli, C. perfringens, and Gram -were increased by the AFB 1 , whereas E. coli and Gram -were decreased by the CSH, and an interaction was found on Gram -. Also, serum levels of endotoxins and DAO were increased by the AFB 1 , and the level of DAO was decreased by the CSH. The result indicates that the CSH can depress gut opportunistic bacteria and their toxicity. The literature about the effect of non-protein sulfhydryl groups on gut flora is unavailable, but the effect on serum toxic markers of CSH in the present study was supported by the findings that cysteamine had beneficial effect on tissue damage induced by endotoxin, ischemia-reperfusion, and hemorrhagic shock in rodent animals (Glantzounis et al., 2006; Mota et al., 2007) or in pigs (Zhou et al., 2017) .
Necrotic lesions are caused by factors external to the cell or tissue, such as contamination, toxins, or trauma which result in the unregulated digestion of cell components. The increased lesion scores of liver and intestine in the present study further demonstrated the toxicity of AFB 1 . With the occurrence of moldy feedstuffs, AFB 1 , the most toxic, is becoming a major predisposing factor of necrotic lesions of visceral organs of broilers (Kumar and Balachandran, 2009 ). The information about the effect of CSH or its analogs on the visceral lesions is scarce. In the present study, regardless of AFB 1 , the CSH decreased lesion scores in the liver and intestine, indicating that the CSH can protect cell or tissue and decrease lesions. Anyway, the CSH or its derivatives as feed additives, the relationship of them with necrotic lesions needs further study.
In the present study, the AFB 1 decreased the r-GSH, GSTs, and GR, whereas the CSH increased r-GSH, GSTs, and GR. The CSH or derivatives act through sulfhydryl-disulfide exchange reactions in glutathione redox cycle, so the providing of sulfhydryl group can facilitate the synthesis and turnover of glutathione (Courtney-Martin and Pencharz, 2016) . Based on AFB 1 contaminated diets, there are no reports on the effect of CSH or derivatives on glutathione turnover. Yarru et al. (2009) found that AFB 1 increased the expression of superoxide dismutase and GSTs in the liver of broilers. Zhou et al. (2017) reported that increased glutathione content and glutathione peroxidase activity and decreased malondialdehyde content were observed in pigs receiving cysteamine. Bai et al. (2017) demonstrated that CSH improved antioxidant status and delayed pig meat discoloration by improving glutathione levels and antioxidase activity after longer chill storage, and promoted the stability of pork color by reducing oxidation. For the relationship between AFB 1 and glutathione status, Valdivia et al. (2001) found that broilers treated with AFB 1 plus N-acetylcysteine were shown to be partially protected against deleterious effects on plasma alanine aminotransferase, and liver GSTs and glutathione.
Thiol-containing compounds also influence inflammation and immunity by intracellular glutathione and cysteine levels (Ruan et al., 2017) . In the present study, the mRNA profiles of TNF-α and IL-6 were increased by AFB 1 , and TNF-α, IL-6, and IL-1β were decreased by CSH, but the levels of TNF-α and IL-6 were greater than the control, indicating that the CSH can relieve the inflammation caused by AFB 1 , but for TNF-α, the effect does not reach the level of control. It is well documented that AFB 1 can cause immunotoxicity and inflammatory responses in rats (Hinton et al., 2003) or broilers (Li et al., 2014; Ma et al., 2015) and cysteamine, as a US FDA-approved drug, has antioxidant, antibacterial, anti-inflammatory, and mucolytic properties (Kopp et al., 2017; Vij, 2017) . In farm animals, cysteamine supplementation increased the concentrations of secretory IgA, IgM, and IgG in the jejunal mucosa of pigs (Zhou et al., 2017) , and induced proliferation and differentiation of IgA-positive cells and intraepithelial lymphocytes in the intestinal mucosa of chickens by reducing the number of somatostatin-positive cells (Yang et al., 2007) .
CONCLUSIONS
Diets contaminated with AFB 1 depressed growth performance and glutathione turnover, and exacerbated enterotoxic status. The CSH supplementation increased ADFI, ADG, and glutathione turnover, but decreased ileal E. coli and Gram -, the mRNA levels of TNF-α, IL-1β, and IL-6, serum DAO, and intestinal lesions. There were interactions of CSH and AFB 1 on Gram -, DAO, and GSTs. The results suggest that the CSH supplementation can decrease gut opportunistic bacterial populations and inflammatory factors by facilitating glutathione turnover in broilers fed AFB 1 contaminated diets.
